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The assessment of Northeast Arctic cod is based on estimates of the commercial catch 
numbers at age. The age structure of the catch is estimated by sampling individuals from 
commercial fishing trips. Though it is commonly assumed that the sample of individuals 
is a random sample from the population, fish sampled from the same trip (i.e., from a 
‘cluster’ of fish) tend to have more similar ages than those in the total catch. For 
Northeast Arctic cod, the intra-cluster correlation for age is positive and thus the effective 
sample size is much smaller than the number of fish aged. It is shown, given the number 
of fish aged, that the precision of the estimated age distribution is rather low, and that the 
number of fish aged from each trip could be reduced from approximately 80 to 20 
without a significant loss in precision. 
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Introduction 
 
When determining the precision of the estimated age distribution of a fish population 
based on a sample of age readings, it is usually assumed that the age readings are a 
random sample from the population (see, e.g., Hoenig and Heisey, 1987; Richards et al., 
1992; Worthington et al., 1995). Because it is generally impossible to randomly sample a 
fish population, samples of fish for aging are taken from a number of clusters, for 
example, from trawl hauls or fishing trips. The resulting sample of individuals will often 
contain much less information on the age distribution than an equal number of fish 
sampled at random, and if it is assumed that the sample of fish collected from clusters is a 
random sample of individuals, then the estimated age distribution will appear to be much 
more precise than it actually is (Pennington and Vølstad, 1994; Pennington et al., 2001). 
 
In this paper we examine the precision of estimates of the age distribution of the 
commercial catch of Northeast Arctic cod by Norway, which is based on a sample of fish 
from the catch. A number of fish are aged from each of an assumed random sample of 
fishing trips and therefore the sample consists of a number of clusters each of which is 
from a larger cluster (i.e. the fish caught during a trip). In addition, because aging fish is 
costly, we examine whether the number of fish aged from each trip could be reduced 
without significantly reducing the precision of the estimates. 
 
Material and Methods 
 
Data 
 
The Norwegian fishery for Northeast Arctic cod is conducted throughout the year, and 
constitutes approximately half of the total catch. In order to get estimates of catch-
characteristics, such as the age structure and catch at age in numbers or weight, samples 
of fish from selected fishing trips are collected and their ages, weights and lengths are 
recorded as well as the size of the catch. Staff from the Institute of Marine Research 
collects most of these data. For the years considered in this paper, 1997, 1998 and 1999, 
  3
approximately 150-200 catches were sampled each year and from each catch, 
approximately 80 fish were subsampled for aging. The otoliths are removed from the 
sampled fish, and age is determined by counting the number of growth zones. It is 
important to note that this sampling scheme corresponds to a two-stage cluster sampling 
design (see, e.g. Skinner et al., 1989); the first stage is a sample of clusters of fish, and 
the second stage is a sample of individuals from each cluster. In this work we assume that 
we have a random sample of catches and a random subsample of otoliths from each 
catch. We also assume that the recorded catch sizes and total catches are known without 
error. 
 
Statistical methods 
 
Given a random sample of catches of size n  and a random subsample of ages, ijy , of size 
im  from each catch, then an estimator of the mean age, yµ , in the total catch is a ratio 
type estimator 
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where iM is the number of fish in the i
th
 cluster (trip). Similarly, defining ijx  to be 1 if ijy  
is age a , and 0 otherwise, an estimator for the proportion at age a  in the total catch is 
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Estimators (1) and (2) are consistent and approximately unbiased for large samples 
(Cochran, 1977). Another option could be to use the simple unweighted average. 
However, the unweighted average may be a biased estimator such that the bias does not 
decrease as sample size increases. Because exact variance formulas for (1) and (2) do not 
exist (see, e.g. Thompson, 1992), bootstrapping was used to estimate the variances. 
Standard bootstrapping techniques (Efron, 1983) were used to estimate the variance. That 
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is the empirical variance of a number of estimates (500) obtained from each replicate of 
the data. Each replicate was generated by first sampling the trips at random with 
replacement, then a number of individual otoliths from each selected trip were sampled 
with replacement. The effect of reducing the number of otoliths sampled within each trip 
was assessed by reducing the number of otoliths selected from each trip. 
 
For evaluating the amount of information in the data, it is useful to consider the 
intracluster correlation coefficient, ρ , and the effective sample size, effm  (Skinner et al., 
1989; Pennington and Vølstad, 1994; Pennington et al., 2001). The intracluster 
correlation coefficient is defined as the correlation between individuals in the same 
cluster (e.g. Cochran, 1977), and the effective sample size is the number of individuals 
that would need to be sampled at random so that the estimates generated by simple 
random sampling would have the same precision as the estimates obtained based on the 
more complex sampling scheme. Specifically, effm  is the number such that  
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where 2yσ  is the variance of ages in the total catch. It should be stressed that if the 
effective sample size is low, this implies that the estimate of the entire distribution is 
rather imprecise (Pennington and Vølstad, 1994; Pennington et al., 2001). 
 
Furthermore, subject to some assumptions, it can be shown that the approximate variance 
of yµˆ  can be written as  
[ ]ρσσ )/1(1 22 MM
Mn M
y
+−+ ,  (4) 
where M  and 2Mσ  are the mean and variance, respectively, of the cluster sizes 
(Pennington and Vølstad, 1994). If ρ  > 0, then the factor ρσ )/1( 2 MM M+−  can 
greatly increase in the variance and corresponds to the phenomenon known as 
overdispersion that often arises when modeling polytomous responses (McCullagh and 
Nelder, 1989). If all clusters are of equal size, then 02 =Mσ  and (4) reduces to the formula 
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for the variance when cluster sizes are equal (Cochran, 1977). Finally, if 0=ρ , then (4) 
reduces to the formula for the variance given a simple random sample of otoliths.  
 
It should be noted that if there are errors in aging, then the above estimators would be 
biased. The age of a fish is determined by counting growth zones on the otolith and the 
aging process is subject to errors in determining these growth zones. The effects of 
classification errors on estimating the proportion at age will be to increase sampling 
variability and introduce bias (Tenenbein, 1970; Bross, 1954; Worthington et al., 1995). 
To see this, let the true age structure be )’,...,,( 21 rpppP = , where r is the maximum 
possible age of the species and Q  is an rr × -dimensional transition matrix specifying the 
probabilities that an individual of age j  (column) is measured as age i  (row). Then the 
distribution of ages that will be observed is equal to QP, which is a vector giving the 
observable proportions at age.  
 
For example, Figure 1 demonstrates the bias caused by errors in age reading and shows 
that even a small error rate of 10% (5% to each side) may bias the estimates of the age 
distribution substantially. In general errors in age reading causes the observed age 
distribution to be much smoother than the true distribution. In particular, the highest 
proportions are underestimated while the smallest are overestimated. Increasing sample 
size will not decrease this bias, which can only be reduced if the fish are aged more 
accurately or Q is known. 
  
Results 
 
The effective sample sizes are much smaller than the number of fish aged (Table 1). For 
example, if it were possible to sample fish at random from the catch in region 1 in 1998, 
then it would have been sufficient to age 23 fish instead of 4338 to obtain the same 
precision for estimating the mean age. The low effective sizes are caused by positive 
intra-cluster correlation (Table 1). The lowest correlations are in region 4 for all years ( ρ  
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ranges from 0.032 to 0.066) and the highest were in region 1 and 2 ( ρ  ranges from 0.398 
to 0.745) 
 
In Figures 2 to 4 are the estimated age distributions for each region and the stratified 
estimates for the entire area. The inner brackets denote the bootstrapped 95% confidence 
interval based on all the aged fish, and the outer brackets, the 95% intervals when the 
number of fish sampled within a catch is reduced from 80, on average, to 20.  
 
The effect of reducing the number of fish sampled from each catch on the average for 
ages 4 to 9 of the error coefficient of variance, which is the standard error divided by the 
mean, is shown in Figures 5 to 7. The curves are rather flat in the range of 20 to 80 fish 
and increase fairly rapidly when the number fish sampled is less than 20.  
 
Discussion 
 
Because individuals within a cluster tend to be more alike than those in the entire catch, 
the variability of the estimates is more sensitive to the number of clusters sampled than 
the number of fish sampled within a cluster. Even though approximately 13,000 fish were 
aged each year, the low effective sample sizes imply that the estimates of the age 
distributions are rather imprecise (see Figures 2 to 4; Pennington and Vølstad, 1994; 
Pennington et al., 2001). 
  
It is common when analyzing fish-age data to assume the fish are a random sample of 
individuals from a population (see, e.g., Hoenig and Heisey, 1987; Richards et al., 1992; 
Worthington et al., 1995). As shown, such an assumption would lead to a severe 
overestimation of the precision of the estimated age distribution.  
 
To improve the precision of the estimated age distribution for the catch of Northeast 
Arctic cod, more catches from the fishery should be sampled, if possible, rather than 
sample more fish from each catch. Because the ultimate goal is to improve accuracy, that 
is increase precision and reduce bias, one should also focus on getting more accurate age 
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readings. Though it appears that the variance component caused by errors in age readings 
is small as compared with the overall sampling variability, even relatively small reading 
errors may cause a significant bias, which does not decrease with increasing sample size. 
Therefore, considering the small increase in uncertainty if fewer fish are aged per trip, it 
is likely that the most efficient way to improve the accuracy of the estimates is to reduce 
aging errors. This could be accomplished by sampling fewer fish per trip, which would 
give the age readers more time to make more accurate age readings.  
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Table 1. The estimated mean age, yµˆ , of the Northeast Arctic cod catch and its estimated 
variance, )ˆ(ˆ yBraV µ , for each region and for the total area for 1997, 1998 and 1999, 
where M is the total number of fish, m  the number of otoliths sampled for aging from 
the M fish, n  the number of trips sampled, w  the relative weight of the catch in each 
region, effmˆ  is the effective sample size  and ρˆ  is the estimate of intracluster correlation. 
 
a);1997 
Region M  m  n  w  yµˆ  )ˆ(ˆ yBraV µ  effmˆ  ρˆ  
1 59525 4858 62 0.261 5.997 0.013 114 0.283 
2 77185 3928 53 0.280 6.049 0.108 26 0.745 
3 67604 3126 42 0.263 7.304 0.009 87 0.190 
4 5572 1222 17 0.196 7.556 0.008 212 0.049 
b);1998 
Region M  m  n  w  yµˆ  )ˆ(ˆ yBraV µ  effmˆ  ρˆ  
1 167783 4338 49 0.236 5.578 0.088 23 0.398 
2 47752 2842 40 0.277 6.230 0.104 25 0.318 
3 33965 2700 34 0.260 7.600 0.010 93 0.194 
4 13729 2726 32 0.227 8.017 0.004 336 0.032 
c);1999 
Region M  m  n  w  yµˆ  )ˆ(ˆ yBraV µ  effmˆ  ρˆ  
1 56277 4801 58 0.275 5.170 0.011 147 0.247 
2 32778 2998 38 0.350 5.900 0.077 41 0.445 
3 22406 2206 28 0.223 7.231 0.086 28 0.272 
4 3606 1388 21 0.152 8.222 0.017 149 0.066 
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Figure 1. The true age distribution (white bars) and the observed distribution (black bars) 
if the probability of misaging an individual is approximately; a) 5%, and b) 15% to each 
side of the true age.   
  11
 
Age
Pr
o
po
rti
on
4 6 8 10
0.
0
0.
2
0.
4
0.
6
Region 1
 
Age
Pr
o
po
rti
on
4 6 8 10
0.
0
0.
2
0.
4
0.
6
Region 2
 
Age
Pr
o
po
rti
on
4 6 8 10
0.
0
0.
2
0.
4
0.
6
Region 3
 
Age
Pr
o
po
rti
on
4 6 8 10
0.
0
0.
2
0.
4
0.
6
Region 4
 
 
 
 
 
 
 
 
 
Age
Pr
op
or
tio
n
4 6 8 10
0.
0
0.
1
0.
2
0.
3
0.
4
All regions
 
 
Figure 2. The estimated age distribution of the catch in 1997 for the 4 regions and the 
entire area. The inner brackets denote the 95% confidence interval based on all the age 
readings and the outer brackets, 95 % confidence intervals when the number of measured 
otoliths is reduced from approximately 80 to 20 per catch.  
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Figure 3. The estimated age distribution of the catch in 1998 for the 4 regions and the 
entire area. The inner brackets denote the 95% confidence interval based on all the age 
readings and the outer brackets, 95 % confidence intervals when the number of measured 
otoliths is reduced from approximately 80 to 20 per catch.  
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Figure 4. The estimated age distribution of the catch in 1999 for the 4 regions and the 
entire area. The inner brackets denote the 95% confidence interval based on all the age 
readings and the outer brackets, 95 % confidence intervals when the number of measured 
otoliths is reduced from approximately 80 to 20 per catch.  
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Figure 5. The average error coefficient of variation for ages 4-9 for the estimated 
proportion at age versus the number of age samples taken per trip in 1997.  
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Figure 6. The average error coefficient of variation for ages 4-9 for the estimated 
proportion at age versus the number of age samples taken per trip in 1998.  
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Figure 7. The average error coefficient of variation for ages 4-9 for the estimated 
proportion at age versus the number of age samples taken per trip in 1999.  
 
 
 
 
 
 
 
 
 
 
 
